Human immunodeficiency virus type 1 (HIV-1) infection of dendritic cells (DCs
Dendritic cells (DCs) are specialized leukocytes that bridge the innate and adaptive immune systems and act as antigenpresenting cells with the unique capacity to initiate primary T-cell responses. DCs migrate from the blood to reside in the periphery, where they capture antigens. Upon antigen encounter, DCs mature and migrate to regional draining lymph nodes, where they present the antigen to T cells (2) . Two distinct subtypes of DCs have been identified in the human immune system, CD11c ϩ myeloid DCs (MDCs) and CD11c Ϫ CD123 ϩ plasmacytoid DCs (PDCs). MDCs and PDCs both express high levels of major histocompatibility complex class II and lack expression of the lineage markers CD3, CD14, CD19, and CD56. MDCs are the more prevalent DCs and are found throughout the body, mainly in the skin (Langerhans cells) and mucosal tissues. PDCs are more sparsely distributed and are normally found only in blood, lymph nodes, and thymus but are recruited to sites of inflammation under pathological conditions (6, 12, 21, 22) . Both DC subsets have antigen-presenting capacity but differ in their expression of Toll-like receptors (TLRs) and some important functional aspects. In general, MDCs are characterized by their ability to secrete high levels of interleukin-12 (IL-12), whereas PDCs produce high levels of alpha interferon (IFN-␣) in response to TLR-induced activation and maturation (1) . Several studies have shown that the numbers of both MDCs and PDCs are reduced in blood during human immunodeficiency virus type 1 (HIV-1) infection (3, 8, 10, 13, 19) . Although DCs in blood may not serve as a major reservoir for HIV-1 (9, 35) , both PDCs and MDCs have been shown to be susceptible to HIV-1 infection ex vivo (15, 37, 38, 43) . Due to the low frequencies of DCs in vivo and limitations on the numbers of these cells that can be recovered, the biology of DCs in the context of HIV-1 infection has mostly been studied using DCs generated from progenitors in vitro (4, 5, 7, 30, 40) . Peripheral monocytes cultured in the presence of granulocytemacrophage colony-stimulating factor (GM-CSF) and IL-4 develop into monocyte-derived DCs (MDDCs) that resemble MDCs with respect to cell surface markers and their response to most stimuli. However, MDCs and MDDCs are phenotypically and functionally distinct DCs with respect to their migratory capacity and ability to secrete cytokines like IL-12p70 (23, 32) . Furthermore, these two types of DCs differ in their ability to stimulate cytokine production in T cells (23, 32) . In addition, no in vitro model for PDCs is available.
Here, we have studied early productive HIV-1 infection in primary human blood-derived DCs. We sought to investigate the susceptibility of MDCs and PDCs to different isolates of HIV-1 and the functional properties of the DCs early after infection. To do this, high numbers of donor-matched MDCs and PDCs were isolated from elutriated monocytes and DCs were exposed to highly concentrated and purified HIV-1 isolates. We used intracellular p24 staining to distinguish HIV-1-infected (p24 ϩ ) from uninfected (p24 Ϫ ) DCs and to compare the phenotype and function of infected DCs to those of exposed but not infected DCs. We report that both DC subsets were susceptible to HIV-1 infection. However, we found a differential susceptibility to HIV-1 infection between the two subsets of DCs. MDCs were more susceptible to HIV-1 BaL infection than donor-matched PDCs. In addition, MDCs were preferentially infected by CCR5-using isolates rather than CXCR4-using isolates, while there was no difference in PDCs. We studied the phenotype and cytokine profile of the HIV-1-infected DCs and found no functional defects upon TLR7/8 stimulation. HIV-1 infection did not prevent maturation and tumor necrosis factor alpha (TNF-␣) production in p24 ϩ MDCs and PDCs. In addition, PDCs produced IFN-␣ upon HIV-1 exposure regardless of whether the infection was productive or not. Taken together, we have found a difference in susceptibility to HIV-1 infection between PDCs and MDCs, which could have important implications for our understanding of HIV-1 transmission and pathogenesis.
MATERIALS AND METHODS
Dendritic cell isolation. This study was approved by the National Institutes of Health (NIH) Institutional Review Board. Our sorting procedures for direct isolation of subsets of DCs from blood have been described previously (28) . Briefly, peripheral blood mononuclear cells (PBMCs) were collected from healthy HIV-1-seronegative blood donors by automated leukapheresis. Enriched populations of lymphocytes and monocytes were obtained by counterflow centrifugal elutriation. MDCs and PDCs were isolated from elutriated monocytes using magnetic bead isolation including dendritic cell isolation kits (Miltenyi Biotec, Auburn, CA) followed by sequential separation on AutoMacs (Miltenyi Biotec). The BDCA-4 and the CD1c isolation kits were used for isolation of PDCs and MDCs, respectively. To maintain viability, the PDCs and MDCs were cultured in complete medium (RPMI 1640 medium; BioWhittaker, Inc., Walkersville, MD) supplemented with 2 mmol/liter L-glutamine, 1% streptomycin and penicillin, and 10% fetal bovine serum (Invitrogen, Carlsbad, CA) in the presence of the recombinant human cytokine IL-3 (1 ng/ml; R&D Systems, Minneapolis, MN) or GM-CSF (2 ng/ml; PeproTech Inc, Rocky Hill, NJ).
HIV-1 virus growth and preparation. The CCR5-using HIV-1 BaL isolate and the CXCR4-using HIV-1 IIIB isolate (NIH AIDS Research and Reference Reagent Program, Division of AIDS, National Institute of Allergy and Infectious Diseases, NIH, Bethesda, MD) were grown on phytohemagglutinin (PHA) (Sigma, St. Louis, MO)-and IL-2 (Roche, Indianapolis, IN)-stimulated PBMCs. p24 levels in the culture supernatants were monitored by enzyme-linked immunosorbent assay (ELISA), and viruses were harvested at a peak time point. To minimize the presence of bystander activation factors that could influence DC growth, the viruses were concentrated by ultracentrifugation (30,000 rpm, 70 min, 4°C [Sorvall Surespin 630; Kendro, Asheville, NC]). The virus pellet was resuspended in fresh complete medium to obtain a highly concentrated virus stock.
Characterization of HIV-1 stocks. Viral titers were determined by p24 ELISA (Perkin-Elmer, Boston, MA) according to the manufacturer's protocol. The HIV-1 BaL stock had an HIV-1 p24 content of 10 g/ml, and the HIV-1 IIIB stock had an HIV-1 p24 content of 5 g/ml. Virus 50% tissue culture infective doses (TCID 50 ) were determined by a sensitive 14-day endpoint titration assay using PHA-and IL-2-stimulated PBMCs, as previously described (34 ϩ T cells were p24 ϩ after exposure to HIV-1 IIIB . To prevent productive infection, azidothymidine (AZT) (10 M; Sigma) was added to the cultures together with the virus. In some experiments, the DCs were stimulated with 1 g/ml of the TLR7/8 ligand R-848 (4-amino-2-ethoxymethyl-␣,␣-dimethyl-1H-imidazoquinoline-1-ethanol; GLSynthesis Inc., Worcester, MA), as previously described (28) .
Quantitative real-time PCR. HIV-1 p17 Gag (full reverse transcript) and human albumin DNA were quantified by real-time PCR with an ABI7900HT (Applied Biosystems, Foster City, CA) as previously described (11) . Briefly, the cells were lysed in proteinase K buffer (0.1 mg/ml in Tris-Cl, pH 8.0) at 100,000 cells per 10 l buffer by incubation at 56°C for 1 h and then at 95°C for 10 min. The lysate was cleared by centrifugation at 14,000 ϫ g for 2 min. Five microliters of the lysate was used in a reaction volume of 25 l. Primers for the reactions were gag FWD (GGTGCGAGAGCGTCAGTATTAAG), gag REV (AGCTC CCTGCTTGCCCATA), Albumin Fwd (TGCATGAGAAAACGCCAGTAA), and Albumin Rev (ATGGTCGCCTGTTCACCAA) (BioSource International) used at 500 nM. Probes were gag probe (6-carboxyfluorescein-AAAATTCGGT TAAGGCCAGGGGGAAAGAA-BHQ1) and Albumin probe (6-carboxyflu orescein-TGACAGAGTCACCAAATGCTGCACAGAA-BHQ1) (BioSource International, Camarillo) used at 200 nM. The other reagents were used at the following concentrations: deoxynucleoside triphosphates, 200 mM; MgCl 2 , 3.5 mM; and Blue 636 reference dye, 1.25 mM with Platinum Taq (0.625 U) in the buffer supplied. The conditions were 95°C for 15 s and 60°C for 1 min for 50 cycles after a 2-min activation at 95°C. Quantitation was carried out by running standard curves for p17 Gag and albumin controls.
Phenotypic characterization and quantification of HIV-1 protein in dendritic cells. Cells were harvested, washed in phosphate-buffered saline with 0.5% bovine serum albumin (ICN Biomedicals, Aurora, OH), and surface stained for 20 min at 4°C with different combinations of anti-CD11c, anti-CD123, anti-CD3, anti-CD14, anti-CD20, anti-CD40, anti-CD80, anti-CD83, anti-CD86, and anti-HLA-DR antibodies (BD Biosciences, San Diego, CA). Cells were washed, fixed, and permeabilized for 10 min using a 2ϫ fixation-permeabilization solution (Becton Dickinson Immunocytometry Systems, San Jose, CA). The frequency of HIV-1 infection in DCs was determined by intracellular staining for HIV-1 p24. Cells were washed twice and stained intracellularly with anti-p24 antibody (clone KC57; Beckman Coulter Corporation, Fullerton, CA). Cell viability was evaluated by propidium iodide (Sigma) staining. Stainings for the chemokine receptors CCR5, CXCR4, and CCR7 were done by incubation with the respective antibody (BD Biosciences) at 37°C for 20 min followed by addition of any other antibodies and incubation at 4°C. The cells were analyzed with a FACSCalibur flow cytometer (Becton Dickinson).
Intracellular cytokine staining in dendritic cells. The frequency of cytokineproducing DCs was determined by intracellular staining for TNF-␣ (clone mAb11; BD Biosciences). Brefeldin A (10 g/ml) (Sigma) was added to the cell cultures 6 to 12 h prior to intracellular staining. Expression was assessed by a FACSCalibur.
Measurement of cytokine release. Cytokine release from the DCs was studied by culturing the DCs at 1 ϫ 10 6 cells/ml at 37°C in the presence or absence of HIV-1 for 72 h with or without R-848 during the final 24 h. All supernatants were analyzed in duplicate by IFN-␣ ELISA (detection limit, 12.5 pg/ml; Biosource International) performed according to the manufacturer's instructions.
Statistical analyses. Statistical analyses were performed using Wilcoxon's paired t test. Correlations were analyzed with the Spearman rank test.
RESULTS

Productive HIV-1 infection in MDCs and PDCs.
Recently, we established a direct isolation procedure to purify relatively high numbers of human CD123
ϩ PDCs and CD11c ϩ MDCs from elutriated monocytes (28) . On average, the recovery of isolated DCs was 1.1 ϫ 10 6 PDCs and 2.2 ϫ 10 6 MDCs per 10 8 elutriated monocytes. The subsets of DCs were highly enriched (on average, Ͼ75% PDCs and Ͼ85% MDCs), as determined by the lack of the lineage markers (CD3, CD20, CD14, and CD56) and expression of HLA-DR and CD123 or CD11c. The contaminating cells were CD14 ϩ monocytes (data not shown). Overnight culture in IL-3 or GM-CSF of the freshly sorted PDCs and MDCs, respectively, led to development of the characteristic DC morphology (especially MDCs) and immature DC phenotype with low expression of CD40, CD80, CD83, and CD86. Blood-derived MDCs and PDCs are susceptible to HIV-1 infection ex vivo, as demonstrated by others (15, 37, 38, 43) , using long-term culture of DCs and sensitive PCR techniques. However, extending the time of culture after HIV-1 exposure is problematic, since DCs (especially PDCs) are sensitive to long-term culture and begin to die. Therefore, we exposed DCs to virus isolates with a high multiplicity of infection to generate high and fast infection without inducing cell death. We have previously developed such a protocol for infection of MDDCs (40) . To optimize the conditions to study early HIV-1 infection of primary DCs, immature sorted MDCs and PDCs were exposed to CCR5-using HIV-1 BaL (Fig. 1A) or CXCR4-using HIV-1 IIIB (Fig. 1B) for 0, 24, 48, or 72 h. The frequency of HIV-1 infection at the indicated time points was determined by intracellular HIV-1 p24 staining (Fig. 1A and  B) or quantitative real-time PCR for HIV-1 Gag (Fig. 1C) . A small but distinct HIV-1 p24 ϩ population could be detected in the MDCs exposed to HIV-1 BaL after only 24 h. After 48 h, p24
ϩ MDCs and PDCs were detected in the cultures exposed to HIV-1 BaL and HIV-1 IIIB . The number of p24
ϩ DCs continued to increase over the first 72 h of HIV-1 exposure (Fig. 1A and B). HIV-1 IIIB appeared to propagate slower in both MDCs and PDCs than HIV-1 BaL . Seventy-two hours of HIV-1 exposure did not increase cell death in the DCs compared to the medium control (data not shown). At later time points (Ͼ4 days), increased cell death was evident in the HIV-1-exposed DC cultures. Overall, PDCs were found to be more sensitive to long-term culture than MDCs, regardless of virus exposure. Decreasing the amount of virus and/or the time (Ͻ72 h) of HIV-1 exposure resulted in no or lower frequencies of p24 ϩ DCs. For all further experiments, 72 h of HIV-1 exposure without washing off the virus was therefore chosen to study the effects of early HIV-1 infection in DCs.
We questioned whether the p24 ϩ DCs were productively infected by HIV-1, since DCs do not divide. Also, immature DCs efficiently take up antigen, raising the possibility that the p24 staining was the result of virus uptake and not productive infection. While p24 ϩ DCs could be detected only by intracellular flow cytometry after 24 to 48 h of exposure, full-length HIV-1 Gag DNA, a product of complete reverse transcription, was detected already after 3 h and increased with time of exposure (Fig. 1C) . This was true for both DC subsets irrespective of which isolate was used. These data show that DCs were productively infected and not capturing virions, as most of the viral RNA had undergone complete reverse transcription. In addition, no p24 ϩ cells were detected if the DCs had been cultured with AZT during the infection, indicating that the p24 ϩ cells were the result of productive infection and not continuous uptake of virions (Fig. 2) . This was also observed in either DC subset cultured with HIV-1 BaL or HIV-1 IIIB . For MDCs, the average frequency of p24 ϩ DCs was 3.28% (range, 0.32 to 6.96%) for HIV-1 BaL and 0.68% (range, 0.1 to 3.66%) for HIV-1 IIIB (Fig. 3A) . We found that MDCs showed a significantly higher susceptibility to the R5-using HIV-1 BaL virus than to the X4-using HIV-1 IIIB virus (P ϭ 0.0005). However, the susceptibility to the two HIV-1 isolates was not significantly different in PDCs. MDCs showed a significantly higher susceptibility to HIV-1 BaL than PDCs (P ϭ 0.013), while the difference in susceptibility to HIV-1 IIIB infection was not significant between MDCs and PDCs (Fig. 3A) .
Differential susceptibility to HIV-1 infection in MDCs and
To evaluate whether the differential susceptibility to HIV-1 isolates by the DC subsets as well as in individual donors was due to differences in coreceptor expression, we analyzed the expression of the chemokine receptors CCR5 and CXCR4 on MDCs and PDCs prior to infection. MDCs consistently had a higher expression of CCR5 than PDCs (Fig. 3B) , which likely accounts to their high susceptibility to HIV-1 BaL . In contrast, PDCs often exhibited a higher and more uniform expression of CXCR4 than did donor-matched MDCs. MDCs frequently consisted of distinct CXCR4 low and CXCR4 high populations (Fig. 3B) . However, there was no significant correlation between the CCR5 and CXCR4 expression on DCs prior to virus infection and the frequency of p24 ϩ DCs found in the cultures after 72 h (data not shown).
HIV-1 exposure does not induce full maturation of MDCs and PDCs. DCs located at sites in vivo where initial transmission of HIV-1 is most likely to occur, such as mucosal surfaces and blood, express an immature phenotype. Immature DCs are therefore most relevant to examine for HIV-1 susceptibility in vitro. Although CD4 ϩ T cells are the main producers of HIV-1 in vivo and in vitro, they require activation to induce and maintain HIV-1 replication. In contrast, isolated Langerhans cells and MDDCs have been found to propagate HIV-1 without additional activation (25, 26, 40) . Here, we found that MDCs and PDCs replicate HIV-1 without intentional prior activation or DC maturation ( Fig. 1 to 3) . Next, we analyzed whether exposure to HIV-1 induced maturation of the DCs. After 72 h of culture in medium alone, the expression of CD40 was relatively high on both MDCs and PDCs, and MDCs expressed intermediate levels of CD83 (Fig. 4) . We found that 72 h of HIV-1 exposure resulted in upregulation of CD86, CD40, and CD83 on both MDCs and PDCs (Fig. 4) . HIV-1 exposure was most effective in increasing the expression of CD86 compared to CD40 and CD83. Also, MDCs appeared to respond more to HIV-1 exposure than did PDCs in terms of CD86 upregulation (Fig. 4A) . However, PDCs upregulated CD83 more in response to virus exposure than did MDCs (Fig.  4C ). CCR7 expression was not affected by HIV-1 exposure on either DC subset (data not shown). HIV-1 IIIB exposure tended to induce higher expression of these molecules compared to HIV-1 BaL . To assure that the DCs could respond correctly to stimuli and undergo maturation, we added the TLR ligand R-848 (an imidazoquino-like compound that signals through TLR7 and TLR8) during the final 24 h of culture. R-848 stimulation has previously been shown to induce maturation of MDCs and PDCs as measured by upregulation of the costimulatory molecules CD40, CD80, CD83, and CD86 and secretion of cytokines (17, 28) . Stimulation with R-848 resulted in complete upregulation, always exceeding that seen after HIV-1 exposure alone, of all the costimulatory molecules on both MDCs and PDC, in the presence or absence of the HIV-1 isolates (Fig. 4 and data not shown). Therefore, the maturation induced after HIV-1 exposure alone was only partial, since the addition of R-848 to the DC cultures resulted in much greater upregulation of CD86, CD40, and CD83. To investigate whether the maturation induced by HIV-1 itself was a function of virus inoculum, we exposed MDCs to decreasing doses of HIV-1 BaL or HIV-1 IIIB (Fig. 4D ) for 72 h. We found that decreasing the dose of HIV-1 from 1 g to 0.5, 0.3, 0.1, or 0.01 g p24/ml resulted in reduced or no induction of maturation, as measured by upregulation of CD86 expression (Fig. 4D) . We next investigated whether the HIV-1-infected p24 ϩ DCs had a different phenotype compared to the p24 Ϫ DCs in the same culture and if they could further mature in response to R-848 stimulation. We found that HIV-1 induced a small and comparable upregulation of CD86 on both the p24 Ϫ and p24 ϩ MDCs and PDCs. Furthermore, the CD86 expression was upregulated to a similar magnitude on both the infected and uninfected DCs after R-848 stimulation (Fig. 5A ). To investigate the effect of stimulation and activation of DCs on their ability to promote HIV-1 replication, we compared the frequency of p24 ϩ MDCs (Fig. 5B) and PDCs (Fig. 5C ) in HIV-1-exposed DCs that did or did not receive R-848 stimulation during the final 24 h of culture. We found that R-848 stimulation and subsequent maturation of HIV-1-infected DCs did not result in a significant difference in HIV-1 replication (P ϭ 0.326 and P ϭ 1.063 for MDCs and PDCs, respectively). The average frequency of infection in MDCs was 4.89% without stimulation and 4.54% with R-848 stimulation. For PDCs, the mean percentage of p24 ϩ DCs was 1.39% and 1.38% in the absence and presence of R-848 stimulation, respectively ( Fig.  5B and C) . These data indicate that HIV-1 exposure rather than infection per se induces partial maturation in DCs and that both infected and uninfected DCs remain susceptible to further maturation by TLR ligation without increased HIV-1 replication.
HIV-1-infected MDCs and PDCs produce TNF-␣ in response to R-848. To determine if HIV-1-infected MDCs and
PDCs remained functionally capable of producing cytokines, we analyzed the capacity of the p24 ϩ DCs to respond to R-848 stimulation by induction of TNF-␣ production. Sorted CD11c ϩ MDCs and CD123 ϩ PDCs were exposed to HIV-1 BaL for 72 h with or without R-848 stimulation during the final 12 h. We found that HIV-1 BaL alone did not induce TNF-␣ production when analyzed after 72 h of HIV-1 exposure. However, both p24 ϩ and p24 Ϫ DCs had the capacity to produce TNF-␣ in response R-848 stimulation (Fig. 6) . Also, the frequency of HIV-1-infected p24
ϩ DCs that produced TNF-␣ was higher than that of the p24 Ϫ DCs; on average, 35% Ϯ 9.6% and 24% Ϯ 8.9% of the p24 ϩ MDCs and PDCs produced TNF-␣, respectively, compared to 18% Ϯ 5.9% and 13% Ϯ 5.1% of the p24 Ϫ MDCs and PDCs, on average. In addition, the TNF-␣ ϩ DCs were more frequently infected than the TNF-␣ Ϫ DCs; 27% Ϯ 8.1% and 8.0% Ϯ 2.3% (mean values) of the TNF-␣ ϩ MDCs and PDCs were p24 ϩ , respectively, compared to 15% Ϯ 5.4% and 2.9% Ϯ 0.4% (mean values) of the TNF-␣ Ϫ MDCs and PDCs (Fig. 6) . Overall, more MDCs produced TNF-␣ in response to R-848 stimulation than PDCs. These results suggest that HIV-1 infection does not prevent the ability of primary DCs to produce cytokine in response to TLR ligation. HIV-1, HSV, influenza virus, and Sendai virus (14, 16, 17, 20, 33, 43) . Here, we also found significant amounts of IFN-␣ in the PDC culture supernatants in response to HIV-1 exposure for 72 h (Fig. 7A ). Both HIV-1 BaL and HIV-1 IIIB induced significant levels of IFN-␣ in PDCs compared to the medium control and to MDCs. The levels of IFN-␣ secreted in response to HIV-1 IIIB were significantly higher (P ϭ 0.002) than those seen after exposure to HIV-1 BaL and comparable to the amounts of IFN-␣ secreted in response to R-848 stimulation (Fig. 7A) . The high levels of IFN-␣ induced by viral exposure were not further augmented when the HIV-1 IIIB -exposed PDCs were stimulated with R-848 (data not shown), which may suggest that the cells had reached their maximum ability to produce IFN-␣. We found IFN-␣ in the culture supernatant of PDCs already after 6 h of HIV-1 exposure. The levels increased up to 24 to 48 h of HIV-1 exposure and then plateaued (data not shown). MDCs did not produce detectable levels of IFN-␣ after either HIV-1 exposure or R-848 stimulation (Fig.  7A) . It has been reported that inactivated HIV-1 can induce IFN-␣ production in PDCs (17, 43) . Here, IFN-␣ production was also observed in supernatants of HIV-1-exposed PDC cultured in the presence of AZT (Fig. 7A) . This confirms that induction of IFN-␣ production requires only interaction of PDCs with HIV-1 virions or viral components but not productive HIV-1 infection. As IFN-␣ is an antiviral cytokine, its production could potentially interfere with the ability of PDCs to propagate virus and may cause lower infection rates in these cells. We looked at the correlation between the levels of IFN-␣ produced and frequency of p24 ϩ cells in the PDC cultures after HIV-1 BaL or HIV-1 IIIB exposure. There was a positive correlation between the amounts of IFN-␣ secreted and the frequency of HIV-1 BaL infection in PDCs (R ϭ 0.908; P Ͻ 0.001 [ Fig. 7B]) , while no such correlation was found for HIV-1 IIIB and IFN-␣ (Fig. 7C) . Without determining the source of the secreted IFN-␣ by intracellular staining, it is difficult to interpret this correlation. However, it could indicate that the IFN-␣ did not have a direct negative effect on HIV-1 replication in these DCs but rather was associated with increased frequencies of infection.
Production of IFN-␣ by
DISCUSSION
The numbers of MDCs and PDCs are reduced in blood during HIV-1 infection (3, 8, 10, 13, 19, 36) . Given that DCs ϩ MDCs and CD123 ϩ PDCs were exposed to HIV-1 BaL or HIV-1 IIIB in the presence or absence of AZT. The levels of IFN-␣ in the cell culture supernatants were determined by ELISA. The levels were compared with the levels secreted by DCs stimulated by R-848. The graph shows the average IFN-␣ secretion Ϯ standard error of the mean for six donors in MDCs (black bars) and PDCs (white bars). Significant differences compared between the groups were assessed by Wilcoxon's paired t test and considered statistically significant at P Ͻ 0.05 or nonsignificant (NS) at P Ͼ 0.05. The amount of secreted IFN-␣ was measured in PDCs from 13 donors and plotted against the frequency of p24
ϩ PDCs detected after 72 h of (B) HIV-1 BaL or (C) HIV-1 IIIB exposure. Correlation was assessed using the Spearman rank test and considered statistically significant if P was Ͻ0.05.
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are the only antigen-presenting cells with the capacity to stimulate naïve T cells, they are crucial to successful therapeutic vaccination with the induction of primary immune responses. It is therefore important to understand how HIV-1 infection affects DC numbers and function. This study characterized the infectibility and function of DCs after exposure to HIV-1. Previously, the role and function of DCs in HIV-1 infection have mainly been studied using in vitro-generated DCs (4, 5, 7, 30, 40) . However, comparative studies on autologous MDDCs and primary MDCs have shown that these myeloid cell populations do not respond in an identical manner with respect to maturation, cytokine production, and T-cell-stimulatory activity (23, 32, 39) . In addition, there is no in vitro system available for generating PDCs. Studies using pure preparations of isolated primary DCs to examine the effects of HIV-1 infection have been limited (17, 24, 37, 41, 43) . In this study, we isolated MDCs and PDCs from elutriated monocytes and thereby obtained relatively high numbers of DCs. Throughout the study, we used donor-matched MDCs and PDCs isolated from healthy donors. We could confirm that human PDCs and MDCs are susceptible to HIV-1 infection (15, 37, 43) . The presence of detectable p24 ϩ DCs allowed us to extend prior findings with detailed studies of the effects of early HIV-1 infection on DC maturation and cytokine production.
Previous reports have described that blood-derived DCs are susceptible to HIV-1 in vitro by detecting proviral HIV-1 DNA in the DCs or monitoring the cell culture supernatant for reverse transcriptase activity or p24 content after 9 to 21 days of culture (15, 37, 43) . Here, we showed productive HIV-1 infection in MDCs and PDCs by applying intracellular p24 staining and flow cytometry. CD4 ϩ T cells need stimulation to induce significant viral replication, while most reports point out that HIV-1 infection of DCs does not require prior activation of the cells (4, 25, 37, 40, 43) . Here, we found that MDCs and PDCs replicated HIV-1 and expressed significant amounts of p24 intracellularly without prior activation. Viral replication started early after HIV-1 exposure, and viral DNA transcripts could be detected as early as 3 h after exposure. HIV-1 p24 ϩ cells appeared after 24 h of viral exposure, and the numbers increased over time. No viral replication was detected when the DCs were cultured in the presence of AZT. We found that MDCs were more effectively infected by HIV-1 BaL than donor-matched PDCs. MDCs were less susceptible to infection with HIV-1 IIIB than HIV-1 BaL . However, no significant difference was found in PDCs, although the expression of CCR5 was low and CXCR4 was dim/high on these cells. These differences in susceptibility to HIV-1 in PDCs and MDCs could potentially play a role in HIV-1 transmission and pathogenesis, as DCs are proposed to be important in the spread of virus to T cells. Although it is established that DCs have the capacity to bind and transfer HIV-1 to T cells in the absence of infection of the DCs (18, 27, 42) , transfer via productive infection of DCs may predominate in vivo. Turville and coworkers have proposed a two-phase model (42) where early viral transfer from DCs to T cells is not dependent on infection of the DCs. However, at later time points, productive infection of the DCs is required for virus transfer to T cells to occur (42) . In that model, those authors proposed that the second phase of transfer (via productive infection of DCs) may predominate in vivo, as there is selective transmission and persistence of R5-using isolates in early HIV-1 infection. Viral transfer in the absence of infection should be nonselective for X4-and R5-using viruses, while productive infection of DCs should depend on the preferential infection of DCs with one or the other type of HIV-1 isolate. Still, the relative contribution of these different pathways in vivo remains to be determined and may not be the same in all DC subsets. As MDCs are more prevalent in mucosal tissues, they may contribute to the dominance of R5 virus isolates found in infected individuals. PDCs may primarily encounter virus that reaches lymphatic tissues and play a role in DC-mediated transfer of HIV-1 to T cells during antigen presentation at that site.
The reduction of DCs in blood in HIV-1-infected individuals can be an effect of infection and depletion of DCs. It may also be due to relocalization of DCs to secondary lymphoid tissues as a consequence of antigen uptake, migration, and/or maturation (17, 29, 31) . Several studies have shown that MDDCs do not alter their expression of costimulatory molecules such as CD40, CD80, CD83, CD86, or major histocompatibility complex class II after HIV-1 exposure (5, 7, 30, 40) . Still, little is known about the maturation pattern after HIV-1 exposure of DCs directly isolated from blood. It has recently been shown that PDCs, but not MDCs, mature in response to HIV-1 exposure. However, the cytokines secreted by PDCs after 16 h of HIV-1 exposure induce maturation in bystander MDCs (17) . Important differences between that study and the current study are the dose of HIV-1 used to expose the DCs and the length of virus exposure. We exposed MDCs and PDCs to 1 g p24/ml of HIV-1 for 72 h, which resulted in a p24 ϩ population of DCs, without induction of cell death above background levels. The presence of detectable p24
ϩ DCs allowed us to extend prior findings with detailed studies of the effects of early HIV-1 infection on DC maturation and cytokine production. However, the dose of 1 g p24/ml also resulted in partial maturation of the MDCs and PDCs after 72 h of HIV-1 exposure. In the study performed by Fonteneau and colleagues, a lower dose, 0.3 g p24/ml, was used to expose the DCs for 16 h, which resulted in upregulation of CD83 and CCR7 on the PDCs but not on the MDCs. Use of a similar dose of HIV-1 in our experimental system resulted in no or minimal maturation of the MDCs. Thus, the effect of HIV-1 exposure on DC maturation appears to be a consequence of virus dose. Importantly, the maturation induced after HIV-1 exposure was only partial, since the addition of R-848 to the DC cultures resulted in further upregulation of these molecules.
HIV-1-infected DCs were also able to upregulate costimulatory molecules and produce TNF-␣ after TLR7/8 stimulation, which may again suggest that HIV-1 infection does not induce major functional defects in DCs. Collectively, these results indicate that there is no major functional impairment in infected primary DCs early after HIV-1 infection, with respect to the parameters investigated here. In addition, we demonstrated that R-848 stimulation induced DC maturation without increased HIV-1 replication. This could indicate that the use of adjuvants that stimulate DCs via defined TLRs may be a way to augment HIV-1-specific immune responses without enhancing HIV-1 replication in DCs. However, we cannot exclude that TLR stimulation and maturation of DCs would lead to more efficient activation of CD4 ϩ T cells and replication of HIV-1. We previously reported a differential lack of IL-12p70 pro- VOL. 79, 2005 DIFFERENTIAL SUSCEPTIBILITY OF MDCs AND PDCs TO HIV-1 8867 duction but not TNF-␣ in HIV-1-infected p24 ϩ MDDCs (40) . Here, we extended these findings by showing that HIV-1-infected primary MDCs and PDCs also produce TNF-␣ after stimulation. We have previously shown that R-848 stimulation induces IL-12p70 production in MDCs (28) . However, it has also been shown that blood-derived MDCs produce significantly less IL-12p70 than MDDCs in response to stimuli (23) . This could be one explanation as to why we failed to detect intracellular IL-12p70 in R-848-stimulated MDCs and PDCs (data not shown). These results show that certain functional capabilities of primary MDCs and PDCs are retained despite HIV-1 infection and that HIV-1 alone does not fully activate DCs.
Our data offer an increased understanding of the effects of early HIV-1 infection on the functional properties of bloodderived MDCs and PDCs. In conclusion, MDCs and PDCs are susceptible to HIV-1 infection but display no functional defects upon stimulation. Given the central role of DCs in generating primary immune responses, these data may help to address the issue of how to mount proper anti-HIV-1 immune responses in infected individuals.
